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PORHESE 5 A
Orthogonalized plane wave

Basis functions for valence states Herring, 1940

zﬁpw(r)=i{e‘q*—zjj<uj\q>uj(r)} 1v u; +(E; -V, u, =0

Generalized form Optimized potential Localized functions
Wlm l//Im + z BImjulmj By = J.dqc'm (CI)<UJ- ‘q>
W"ﬂ quclm OPW (r) Wlm quclm qqu '

Localized functions:

. cC c _ C..C
Ui = Wi H Yimi = €1j¥imj

<Zqu ‘ opw 1—;‘<uj\q>‘2
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Mapping
\" -~V
‘l/jlm> — I:‘l/jlm>
NOT orthogonal!
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Nonlocal operator

PKA transformation Phillips, Kleinman, and Antoncik,
1954,1959
)= -5V V()=

For smooth function

|:| PKA(/ZV(I’): [—%V +V PKA} s ( ) g l//I ( ) Generalized eigenvalue problem
VA=V 4V F VPR ()= (6 - &5 N [ s ()
j
Semi-local form Nonlocal potential
VSL - IZ:‘Ylmwl (rXYIm ‘ Nonlocal in angular but local in radial

M f] = %‘,Y.m(é’, N, (r)[ d(cos &' e, (0", 0) (1,0, ¢)
<Wi NSL >:jeri (I’,H, ¢)NSLWj Jr,g,q,
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Norm-conserving PP

Two ways to generate potentials:
1. Empirical
2. Abinitio

Fitted to experiment
Calculations on atoms

Orthonormality conditions:
<WiG’PS ‘W?”PS > =91,i%. (H & —& )//iG'PS (r)=0

Norm-conserving condition:

Atomic reference configuration

Beyond a chosen core radius R, Atomic potential outside the cutoff
Logarithmic derivatives of WFs agree at R_

Integrated charge inside R_ agrees

First energy derivative of the LDs of WFs agrees at R_ and for all r>R_

e wh e

Logarithmic derivative D: q
D|(5’ r)E r'//lf(g’ r)/‘M (‘9’ r): raln W (51 I’)

Norm-conservation: R 9 R 2
Q =IO drr?y; (r) :IO dr|g (r)
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Norm-conservation

Radial equation for a spherical system
1 I(l+1)
—=¢'lr)+ +V . (r)—¢&
S0 10, -2 ()0

l K@= ()= [0 (e r)+]
Xi(&,r)+[x (&)} = I(I+1) ZB/eff(r) ‘9]

r2

First energy derivative is obtained by:

9 (er)+ 2% (6,7) L x (2, 1) =1
o€ o€

At radius R: P+ 2x{ern)f(n - ¢(r) [¢|( )f ()]
0 1 R . 1
% % (8’ R)_ ) (R)2 Io dré (I’) 4 (R)z Q (R)

Condition 5 satisfied!

Dimensionless logarithmic derivative:
0 R R 2 R
— D,(&,R)=— drg(rf =—-——Q (R
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Ultrasoft PP

Smooth function (not norm conserving):
Bloch and Vanderbilt, 1990

~

$=ry
Norm difference: ¢ =Ty  Norm-conserving
R. * ~ ~
AQs,s’ = IO drAQs,s’(r) AQs,s'(r)z ¢s (r)¢s’(r)_¢s (r)¢s'(r)
Define a new nonlocal potential operator \ Auxiliary function
é\7l\']J|:$ = Z Ds,s"ﬂsxﬂs" Where D = B + & 'AQ .

Generalized eigenvalue problem

ll:l —5SSAL/73 =0
with 1 X
H = _EVZ +Vlocal + é\/NUI_S %

é :i+ZAQs,s’|ﬂs><ﬂs’|

2p radial WF of oxygen (solid),
NCPP (Hamann-Schluter-
Chiang, dotted), and
USPP(dashed, PRB 1990)

Norm-conserving:

AQ,, =0 / | |
1.0 2.0
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Ultrasoft PP

Solving generalized eigenvalue problem

<l/7i ‘§“/7,>:5., Normalization condition:

Valence density:

0cC 0cC

n ( ) ‘//nk r)‘//nk( ZPUAQp( with Lij :Z<ﬁi |&nk><&nk

n,k n,k

B;)

Variational theory:

Etotal :§<Wn,k (——V +Vlcl)c<):n ZDlon|ﬂ>< U

n,k

Wn,k> + EHartree[nv]+ EII + Exc [nv]

Minimize the functional subject to
the constraint of the normalization

Unscreened bare ion PP
V ion V

local = _Vch Diijon = D — D.HXC
V

=Vy +ch Di:-_'XC I d r-Vch )AQU' (r)

local

Hxc

Generalized eigenvalue problem:

1 . 2 ~
_EVZ +Vigeat + NVt —8nk5j| l//nk> =0 Solved by iterative methods
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PAW

Projector augmented waves

Bléch, 1994

\ ~v
Vin) = Fl¥m)
all-electron WF — " M/ s— Smooth WF

\ Keep all-electron WF
Linear transformation

Expand the smooth function in partial waves

|V7>=Zmlcm|¢/7m> correspondingly |y} = F|y) = > ¢, |w,,)
The full WF
v =17+ Xealyn)=17m)
Projection operator F :1+;me>—|§5m>)< P |
¢, = (B, |7 PAW transformation operator

<5m|'7;m’>:5mm' # |&>:Z|&m><b’m|&>
The transform of any operator is given by:

;‘: F+AF = A+Z| 5m>(<Wm A|l//m'>_<&m A|&m’>Xb’m’|
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PAW

The density
n(r)="n(r)+n*(r)—n*(r) Full density
n(r)= Z ) Smooth function
n'(r)= Z fiZ@i 7 (37 (g (77 Full density inside sphere
IR(ESIN A7 (§ 7 (9 (77 Smooth function inside sphere

_“1-@@
OO0 @@ © O
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Scattering problem

One electron Schrodinger equation
n , n K n
Hy(r)=Ey(r) with =" v2.V ()

Spherical coordinates:

»_10(,0 1 0 0 1 07
\% r’ + sind +—— 5
ror\ or) r’sing a0 06 ) r°sin“@ op

Radial WF
1 0O 0 I(l+1
—?a(rzawm J{ (2r2 )+Vext(r)_gn,l:|'7”n,l (r)=0

|
1d? 1(1+1

Toar? n,I(r)+_%+Vext
The solution

Vo) =0 (1), (0, 0) = P r( ") Yin(0,0) Y|m(9,(0)=\/2|+1( )| P"™[cos 0™

A (I +m)

(r)—gn,,}%', (r)=0

Plane wave in spherical function

AT TCORCIAG e 1
] "% =% (21 +2)i' j, (ar)R,[cos 6]
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Phase shift

Plane wave expansion in spherical function
R : r
0=y (W 0,0) = 2y, (0,0)

The solution in large r region
Phase shift

wﬁ(&‘,l’)zC,[j,(KI‘)—tan[nl (5W 2

regular irregular

To determine the phase shift

vy (5,8)=w(es)

d . .
%Vfﬁ(&% :%%(5’5% _S J|("r) _DI(E’S)JI(KS)

For g:Ek2>O
2

C . |7
(e, r)—> —sin| kr+n,(g)-—
vi (o) Sesinl kr 4 e)-7 |
Full scattering function: _ aidr _
w) (&,r)—> e +i—>" (21 +1)" sin(r, )R (cos 6)
gr
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PIFBE;
Homework =

Due: April 26, 2016

To do: Evaluation on the accuracy and efficiency of plane wave methods.

N AR AMANE 775, BB OOCHR,  HRBGZ AR T RN T 3 — A &
HELR TSR, DLW ES IR S ERZ R D o WEGZPIM T THH
=, MR ERNsER R R, e — IR SRt E s ZED .
v G OpIRr S

*OPW

*PAW

*USPP

*NCPP

* APW

*KKR

*FLAPW

*LAPW

*FPLMTO

*MTO

*LMTO

*NMTO

A ER & Bl ((EARRT) AL, C, Si, Ge, bee Fe, CaF,, GaAs &%
PRI : flan (EABR T aiRS5it diiS4, e 45 i 5%
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